ABSTRACT The capacity analysis of the existing underwater acoustic network mainly refers to the analysis method of a terrestrial wireless network. Network capacity is affected by many factors, such as node distribution, transmission delay, transmission strategy, and link layer characteristics. Aiming at the challenges of the capacity of the underwater acoustic network, a closed solution for one-hop transmission of any node based on the 3-D stochastic underwater acoustic network under the protocol model is derived, the closed solution takes into account the fact that the vertical transmission efficiency of the underwater acoustic signal is more effective than the horizontal transmission efficiency, it is in line with the channel characteristics of underwater acoustic communication, and with different network parameters, there is an optimal communication radiation range of nodes to maximize the throughput of the network. Aiming at the problem that some relay nodes in the underwater acoustic network run out of energy prematurely due to overuse, a model predictive control method based on maximum algebra is proposed, which can predict the information generation rate of nodes periodically and estimate the life value of nodes at different routing time points according to the current residual energy of nodes.
I. INTRODUCTION
With the rapid development of science and technology and the trend of economic globalization, the supply of land resources and energy is becoming increasingly tight, therefore, the development of various rich resources of the ocean has aroused widespread attention. Underwater communication, detection and network technologies play an extremely important role in the development of Marine resources and economy. There are various ways of communication on land, for example, optical cables and cables can be used for communication. However, these ways are expensive in
The associate editor coordinating the review of this manuscript and approving it for publication was Guangjie Han. the underwater environment, and the construction technology is extremely difficult. Secondly, wireless communication technology is adopted in land communication. However, since electromagnetic wave attenuates and absorbs obviously underwater, the attenuation degree of energy depends on its frequency. The higher the frequency is, the faster the energy attenuation will be. In order to ensure the transmission quality of long distance, the system needs ultra-high transmission energy and large-scale antenna, so wireless communication is not suitable for underwater communication. As acoustic wave is a low frequency information carrier, it has the advantages of low energy consumption and long transmission distance under water. Therefore, the carrier that can achieve effective communication under water is acoustic wave. In the development process of underwater communication technology, underwater acoustic communication technology is the mainstream technology in the future.
The current topology of underwater acoustic communication network is mainly divided into two types: centralized network structure and distributed peer to peer network. The central network structure realizes communication through the central node and is connected with the external network by the central node. Due to the high performance requirements of the network configuration of center node. In harsh environment, the node is difficult to guarantee the trouble-free working for a long time, it is easy to cause the failure of the entire network, so most of the underwater acoustic communication network topology selection distributed peer-to-peer structure or the complementation of the two structures. In distributed peer-to-peer structure, each node shall have equal status, and any node in the network can be point peer-to-peer communication. However, when the underwater communication nodes are scattered in a wide area, there will be problems such as near and far effects in the network, which severely limits the capacity improvement of the underwater acoustic network. Since many methods of underwater acoustic communication technology come from terrestrial wireless communication technology [1] , [2] , the modern capacity analysis technology of underwater acoustic network mainly refers to the analysis method of terrestrial wireless network. Factors influencing network capacity mainly include link characteristics, access strategy, scheduling strategy, distribution of communication nodes in three-dimensional space [3] , [4] , distribution of business requirements, node movement model and other factors. Therefore, it is a very difficult work to consider the network capacity of various factors comprehensively.
Existing literature theoretically discusses the performance limits of wireless network capacity and the tradeoff between different parameters and capacity [5] , most of the research of the wireless network scenario is based on a two-dimensional plane, the reality of underwater sensor networks is based on the three dimensional space of parallel transmission of communication nodes of complex scenes, is based on the analysis of the two-dimensional wireless network capacity cannot be directly used for the study of underwater acoustic network. Most of the wireless network scenes studied are based on two-dimensional plane, while the real underwater sensor network is a complex three-dimensional scene based on the parallel transmission of multiple pairs of communication nodes. The volumetric analysis method based on twodimensional wireless network cannot be directly applied to the study of underwater acoustic network [6] , [7] . In the threedimensional underwater acoustic network, how to coordinate the relationship between multiple transmitter and receiver terminals is the key to analyze the capacity of underwater network, and then study the strategy of network performance optimization and capacity improvement [8] , [9] . In recent years, many domestic and foreign scholars have made breakthroughs in the research on the capacity of underwater acoustic network, but there are still many areas has not been fully developed, a lot of conclusion is based on a specific network model around the dosage of progressive results analysis [10] , [11] , those methods can only from the macroscopic analysis and description on the time delays and capacity balance relation, but the tradeoff between network capacity and factors such as delay, transmission strategy and node movement model has not been fully developed by using the closed solution method [12] . Therefore, capacity analysis of underwater acoustic network is still a very important research field in academia.
This paper focuses on underwater network capacity, combined with the characteristics of underwater acoustic channel, a closed solution of jumping transmission of nodes is deduced for the first time in three-dimensional network, the paper also discusses the influence of some factors on the network capacity, such as the distribution of communication nodes, relay movement model, transmission delay, etc., and theoretically demonstrates the tradeoff relationship between the capacity of underwater network and the above factors, which is of guiding significance to the actual underwater sensor network.
II. UNDERWATER ACOUSTIC NETWORK MODEL A. LINK LAYER MODEL
Literature proposed two models of wireless network, namely, arbitrary network and random network [13] . According to the characteristics of underwater acoustic communication, this paper selects random network as the model of underwater acoustic network. Assumption in the underwater network nodes are uniformly distributed within the unit volume of three-dimensional space, any two nodes communicate pointto-point through underwater acoustic channels. Control centers similar to wireless networks are not set up in the network. The network can introduce trunk mobile nodes and adopt routing strategies to solve collision transmission problems and improve network performance.
In general, in the random model, in order to calculate the interference caused by the parallel transmission of communication nodes and determines the probability that the packet is successfully received by the designated receiving node. There are two link layer models, protocol model and physical model, in which packets can be successfully received by receiving nodes after one-hop transmission.
Protocol model: the sending node X i sends the packet to the receiving node X j through the channel. If there is enough space for the communication node to separate from other communication nodes simultaneously, the transmission is successful. That is, when the following two conditions are met, the transmission is successful:
1) The communication distance between communication node pairs X i and X j is within the transmission radius r, denoted as:
2) It is assumed that {X k , k ∈ } is a subset of the sending nodes that data transmitted by other sending nodes through the same underwater acoustic channel at this moment ( is the serial number of the sending node subset). The communication distance between this subset and the receiving node X j is greater than a specific transmission range, which can be expressed as:
Among them, is a special protection factor to avoid interference caused by parallel transmission of other nodes.
Physical model: we assume that the transmission power adopted by the communication node is fixed, which is similar to the protocol model. The set {X k , k ∈ } represents a subset of sending nodes transmitted simultaneously to a specific communication channel at a certain time slot. Then, packets sent by the node X i , i ∈ can be successfully received by the receiving node if the following conditions are met.
Among them, P i , P k is the transmitted power of the sending node, N 0 is Gaussian white noise, α is the transmission factor of the channel, and β is the threshold of SNR.
These two modes are typical models for wireless communication network to judge the success of node transmission. Based on the particularity of underwater acoustic network, this paper selects the protocol model as the link layer model of underwater acoustic network to analyze the capacity performance of underwater acoustic network.
B. TOPOLOGY OF UNDERWATER ACOUSTIC COMMUNICATION NETWORK
Network topology is actually based on the shape of the network structure, refers to the network nodes in the physical connection. The topology structure of underwater acoustic network can be divided into three types, namely distributed topology, centralized topology and multi-hop topology.
Traditional distributed topology is limited by the power level of nodes and is not suitable for large-scale network.
Centralized topology requires high quality of the central node. Once the central node is offline, the whole network will be paralyzed and the network robustness is not high.
The multi-hop topology combines the advantages of centralized and distributed topology to allow communication nodes to communicate with neighboring relay nodes and transmit information to the target node after multiple forwarding.
This structure not only solves the problem of limited transmission coverage in distributed network, but also overcomes the dependence of centralized network on central node. Therefore, this paper adopts multi-hop topology.
C. DATA FLOW TRANSMISSION STRATEGY
We consider a network with uniform distribution of nodes. The nodes in the network can randomly select any other node as the receiving node. Assuming that there is business communication between nodes in the network, each pair of communication nodes should carry out data flow transmission [14] . There are generally four communication modes for data flow transmission strategies, as shown in figure 4.
D. MOBILE MODEL OF COMMUNICATION NODES
Literature deduces the threshold value that can be achieved by capacity of different static network models [13] , and the throughput of nodes decreases gradually with the increase of network nodes, or even approaches zero [15] . Literature studied the influence of dynamic network on network capacity, and realized that the throughput of each user would not be affected by the sudden drop of the total number of nodes in the network by the use of node mobility and multi-user diversity strategy [16] . The node movement model can be summarized as the following models: independent identically distribution model, random walk model, random path point model, Brownian motion model, mixed random walk model, discrete random direction model, etc. [17] . The following focuses on the introduction of mixed random walk model and discrete random direction model.
1) MIXED RANDOM WALK MODEL
Literature studied the mixed random walk model, whose features mainly revolve around a parameter β ∈ [0, 0.5] [18] . According to this parameter, the unit area network can be divided into N 2β squares with equal areas, where N is the total number of nodes in the network, and then each square can be divided into a subset of N 1−2β small squares with equal areas. As shown in figure 5 , at the beginning of each slot, each node uniformly selects a small square from the neighborhood of the currently owned square, and then moves to the position of the small square. It is not difficult to see that, when β = 0 and β = 0.5, the model degenerates into independent identically distribution model and random walk model respectively. The hybrid random walk model provides a good mathematical model to study the relationship between node mobility and network capacity.
2) DISCRETE RANDOM DIRECTION MODEL
Literature also studies a series of discrete random direction models, whose characteristics revolve around a parameter α ∈ [0, 0.5] [18] . According to the parameter setting, the network of unit area can be divided into N 2α square areas with equal areas, where N is the total number of nodes in the network. The mode of movement of each node is as follows: at the beginning of each slot, the node selects a square from the neighborhood of the current square, and within this slot, the node moves from the beginning position to the end position at a certain speed, As shown in figure 6, both positions are generated by the probability model of uniform distribution of the square area. It is not difficult to see that when α = 0 and α = 0.5, the model degenerates to random path point model and Brownian motion model. The discrete random direction model takes into account the moving direction and speed of nodes, which has certain practical significance and provides a moving model with practical significance for the research of network capacity.
The mobile model of wireless network nodes is mainly divided into the above six models [19] - [24] , each of which has its own characteristics. The main characteristics are shown in table 1 below. However, the above mobile models are all mathematical models built on a two-dimensional plane, and the research in this paper is based on the threedimensional space. Only by considering the particularity of the existing mobile model and the underwater acoustic network, and selecting the appropriate mobile network, the relation between the transmission delay and the capacity of the underwater acoustic network can be better expressed. 
E. NETWORK CAPACITY OF UNDERWATER ACOUSTIC COMMUNICATION
Considering the particularity of underwater acoustic channel, the network model adopted in this paper is random network.
In the specific three-dimensional space of the network, the communication nodes obey the probability model of uniform distribution, and the N nodes are uniformly distributed in the unit volume. We assume that each node can send and receive data, and the working mode is a half-duplex mode.
At any time slot t, a node i can randomly select other nodes j in the network as its destination node, and the routing strategy adopted is defined as .
The routing strategy is designed to ensure high throughput for each pair of communication nodes.
We define M i (t) as the total number of packets of the source node i that can be successfully received by the destination node j under the condition of the time slot t and routing policy . Therefore, the throughput of the communication node [13] , [32] - [35] can be defined as:
Then we can define network capacity:
The network capacity analysis discussed in this paper generally assumes that the transmitting power of the sending node is the same. On this basis, we will further introduce transmission delay, relay and forwarding strategy and mobile node model to analyze the performance of network capacity.
This section mainly introduces the system architecture of underwater acoustic network. Firstly, the link layer model of wireless network is introduced. By selecting the appropriate model for underwater acoustic network, the theoretical study of underwater acoustic network capacity is more efficient. Then, the network topology, data flow transmission strategy and node movement model of underwater acoustic network are introduced, which provides a systematic network architecture for the capacity analysis of underwater acoustic network.
III. THEORETICAL ANALYSIS BASED ON ONE-HOP TRANSMISSION OF UNDERWATER ACOUSTIC NETWORK NODES A. THEORETICAL ANALYSIS OF NODE DISTANCE DISTRIBUTION UNDER THE PROTOCOL MODEL
In this paper, the protocol model is selected as the link layer model. The protocol model is based on the distance distribution between nodes to judge whether the communication between nodes is successful. Therefore, the distance distribution form between nodes of underwater acoustic network is particularly important, which directly affects the success rate of communication between nodes.
In the three-dimensional network, the signal radiates outwards from a point in space. Since the variation degree of the longitudinal propagation velocity of the acoustic signal is more drastic than that of the transverse signal, the longitudinal propagation distance is more than that of the transverse signal within the same propagation time, and the radiation area of the strand signal is stretched from a sphere to an ellipsoid along the longitudinal direction [25] . Combined with the definition of the protocol model, when any two nodes communicate, when the following two conditions are met, the transmission is successful:
1) the communication distance between communication node pairs X i and X j is within the transmission range r, i.e. X i − X j ≤ r 2) the communication distance between the sending node subset X k and the receiving node X j is greater than a specific transmission range, i.e. X k − X j ≥ (1 + )r
In the case of wireless network, the physical significance of the above two conditions is that when the sending node X i is found in the sphere with the radius r of the receiving node X j , and other sending node subsets are not in the radiated sphere of the receiving node X j , the data transmission to the communication node is successful. In the current study [26] - [29] , the theoretical formula of the distance distribution probability density function of any two communication nodes in the wireless network within the cube is as follows:
where (X s , Y s , Z s ) and (X r , Y r , Z r ) respectively represent the position of transmitting node and receiving node. The physical significance of the distance distribution is the probability of finding the corresponding sending node in the spherical neighborhood of the receiving node. However, in the case of hydroacoustic network, by integrating the effects of various factors, we derive the closed form probability function of finding the corresponding to the receiving node in the ellipsoid neighborhood of any transmitting node, so the spherical neighborhood model of the receiving node should be replaced by its ellipsoid neighborhood model, as shown in  FIG. 7 . To sum up, the probability density formula of distance distribution of any two communication nodes derived by us is as follows:
where, α ≥ 1 is the propagation factor, which affects the longitudinal propagation efficiency of underwater acoustic signal. The physical significance of formula (5) is the probability of finding the corresponding receiving node in the ellipsoid neighborhood of any transmitting node. Considering any two nodes, the location information (X 1 , Y 1 , Z 1 ) and (X 2 , Y 2 , Z 2 ) are uniformly distributed in the cube area, and the random variable V represents the distance between the two nodes. The method adopted in this paper is to determine the distance distribution in each direction, and then conduct convolution operation to obtain the distance distribution of the random variable V .
So we suppose that these two nodes X 1 , X 2 , Y 1 , Y 2 are independently and uniformly distributed in the interval [0, a]. Z 1 , Z 2 are independently and uniformly distributed in the interval [0, c], a ≤ c. The probability density function of the distance distribution between any two nodes in 3d space can be derived by the following formula
B. THEORETICAL ANALYSIS OF THE SUCCESS RATE OF NODE ONE-HOP TRANSMISSION
Section 3.1 has derived the theoretical value of the distance distribution between any node in the three-dimensional space. Since the protocol model is adopted in this paper, the nodes in the network transmit packets to the node through the underwater acoustic channel. If there is enough space separation between the communication node and other communication nodes transmitting at the same time, the transmission will be successful. Under the protocol model, the success rate of one-hop transmission of nodes depends on the distance distribution between nodes. When there is a communication request of nodes in the network, the distance relationship between communication nodes and interference nodes needs to be calculated to derive the closed solution of one-hop communication of nodes. Assuming that there are N uniformly distributed communication nodes in the network. We set that ρ ∈ (0, 1) is the sending node density at a certain time slot. Therefore, N S = ρN communication nodes in the network have business requests in this time slot. Correspondingly, other nodes in the network are selected as receiving nodes. A pair of communication nodes were randomly selected as the research object. The sending node was defined as X i ∈ N S , and the receiving node was defined as X j ∈ N R . Other N S − 1 sending nodes in the network correspond to interference nodes. is defined as the set of interference node ordinal numbers. X k , k ∈ is defined as any sending node in the subset of interference nodes and X l is corresponding to receiving nodes, as shown in figure 8 . When nodes X i , X j have a business request, the parallel transmission of the node X k will generate interference, which will affect the success rate of communication. Therefore, a transmission range r is defined in the protocol model to avoid interference caused by parallel transmission. If and only if any interference node is outside the radiation range of the receiving node, the transmission is deemed to be successful. Different from wireless networks, due to the influence of depth on the longitudinal transmission efficiency of underwater acoustic network signals, the radiation range r will change. We define the radiation range under the underwater acoustic environment as the semi-long axis r of the node ellipsoid, and accordingly, the semi-short axis of the node ellipsoid is r/α.
To sum up, for any communication node pair selected, the probability function that the receiving node X j can successfully receive the data stream of the sending node X i can be divided into two cases:
Case one is shown in figure 9 Pr
Case two is shown in figure 10 Pr
where S (Source node) represents the sending node, D (Destination node) represents the randomly selected receiving node, VOLUME 7, 2019 The significance of this formula is that when the sending node is within the radiation range of the receiving node and the specific radiation range of the receiving node is no longer selected by other interfering nodes, as shown in case 1, the range beyond the red line and case 2, the range of the green area, the communication of the selected node is judged as successful. Since the scope of case 2 is negligible compared with case 1, in order to simplify the model, case 2 is no longer considered in the following paragraphs, and only case 1 is analyzed.
Since the positions of nodes in the network are all independently distributed and traversal, the two conditions of the above formula are also independent, which can be expressed as follows:
Among them, the sending node S of the formula Pr(d S−D ≤ r) randomly selects its receiving node D, and the positions of the nodes are all independently distributed, fixed and traversal. The probability that the Euclidean distance of the selected node pair is less than the radiation range r is actually equal to the probability that the Euclidean distance of any two selected nodes in the network is less than the radiation range, it can be obtained as follows:
where, the function F is the cumulative distribution function of the distance between any two nodes in three-dimensional space.
Considering the kth interference point and the subset of interference nodes, the function of the one-hop transmission success rate of any pair of communication nodes in the underwater acoustic network can be obtained as follows:
As can be seen from the above formula, the main influencing parameters of this function include: the distance distribution function F of nodes, the radiation range r of nodes, the total number of nodes in the network and the density r of sending nodes, denoted as Pr S−D (α, r, , ρN ) , the performance of one-hop transmission of network nodes can be analyzed based on the above parameters.
C. OPTIMIZATION ANALYSIS OF THE RADIATION RANGE OF NODE ONE-HOP TRANSMISSION
Generally speaking, the radiation range transmitted by nodes is determined by the transmitted power. The transmitted power of nodes changes dynamically with the transmitted distance, so as to maximize the transmitted power and energy consumption of the network, and to overcome the long-distance transmission problem of underwater acoustic network to some extent. Therefore, how to select the appropriate radiation range of node transmission can not only avoid packet loss caused by transmission collision, but also avoid network loss of connectivity and improve network throughput.
Phenomena in nature do not exist in isolation, but are interrelated. Therefore, things are not only influenced by one factor, but also by many interlaced factors. In order to accurately grasp the various characteristics of things and understand the causes and laws of the changes of things, it is necessary to exert artificial influence on things and create more favorable conditions for the study of things. This method is called the control variable method. The control variable method is used to study the relationship between a physical quantity and multiple factors by first making one factor change while controlling the remaining factors remain unchanged, so as to study the relationship between this physical quantity and all factors one by one. The principle of the control variable method is shown in figure 11 . The parameters of the graph are as follows: total number of nodes N = 100, density of sending nodes ρ = 0.1, propagation factor α = 1.5 and protection factor = 0.1. From the function curve, it can be concluded that the function under its domain is a concave function, by the nature of the concave function, any maximum point of the concave function is its global maximum point on the convex set, so the function has an optimal value in its definition domain, and the solution formula of the independent variable corresponding to the optimal value is expressed as:
The solution of the above formula is a maximum point of the function Pr S−D (r), which is also the global maximum point of the function in its definition domain. Therefore, the solution of this formula makes the node radiation range corresponding to the node with the highest success rate of one-hop transmission. By changing the other parameters of the function Pr S−D , we can obtain the optimal solution of the radiation range r transmitted by nodes with different scales, namely, different node Numbers and sending node densities. As can be seen from the graph, the success rate of node one-hop transmission tends to increase first and then decrease with the variable r. This is because when the radiation range of nodes is too small, the network loses connectivity, and the network only realizes local communication, which is a reflection of limited communication coverage, so we can increase the radiation range of nodes to improve the throughput of the network. However, when the node radiation range increased to a certain value, the network throughput fell, the reason is that the packet loss of node parallel transmission collision, radiation node conflict area increase, on the contrary make packet loss is more serious, the network throughput is limited by the disturbance of node communication, therefore, we should choose appropriate r to ensure network connectivity and throughput, laying a foundation for subsequent research. The curves from left to right are the theoretical values of the change of the one-hop transmission success rate of the node with the radiation range of the node respectively α = 1.1, 1.5, 1.9. As can be seen from the changing trend of the figure, the propagation factor α affects the value of the radiation range r of nodes. When α changes, the optimal value of the corresponding radiation range changes, so that the optimal value of the success rate of one-hop transmission of nodes does not change much under the same network parameters.
D. NODE ENERGY CONSUMPTION PREDICTION CONTROL MODEL
Model predictive control equations are established by means of maximum algebra.
Set the variable x i (n) as the time when the group #n receives information from the node i, y i (n) as the time when the group #n leaves the node i, and σ i (n) as the service time of the group n (denoted as #n) on the node i. Denotes w * = max({w(n)}), n = 1, 2, · · · , w(n) is the sending window change sequence, then the communication and transmission process of underwater acoustic network can be described as
Suppose that the transmission time is constant d k,0 (n), the transmission time is the time to confirm that the grouped information is returned from the destination to the sender.
Define the vector
We further define
The network topology structure as shown in figure 14 is adopted as the simulation example. The whole network includes 1 master node M and 15 sensor nodes. The average load of the network is 0.1 × 10 −3 packet /S/ node, that is, the entire network generates about 130 packets per day on average. In the underwater acoustic environment, this load condition is in line with the reality. In the simulation, only the energy consumption [30] , [31] of sending nodes is calculated, while the energy consumption of receiving nodes is ignored. Figure 15 shows the energy consumption curve of several typical sensor nodes in the network.
IV. CONCLUSION
(1) This paper introduces the link layer model of wireless network, and selects the appropriate model to apply to the underwater acoustic network, so as to make the theoretical research on the capacity of underwater acoustic network more efficient. The network topology, data flow transmission strategy and node movement model of underwater acoustic network are expounded, which lays a foundation for capacity analysis of underwater acoustic network.
(2) Considering the attenuation degree of signal with communication distance, the change degree of signal speed and multi-path effect and other factors. By differentiating the distance distribution function in three directions of space, the probability function of the distance between nodes in three-dimensional space is derived by convolution operation. According to the characteristics of underwater environment, the protocol model is selected as the link layer model of node communication, a closed solution for the success rate of onehop communication of nodes in three-dimensional space is derived.
(3) Aiming at the problem that some relay nodes in underwater acoustic network run out of energy prematurely due to overuse, a model predictive dynamic routing control method based on maximum algebra is proposed, this method works in a periodic manner, and estimates the life value of nodes by predicting the residual energy of nodes in each cycle, so as to balance the energy of each node and avoid the premature exhaustion of energy of individual nodes. ZILONG ZHANG received the degree from the Mathematics Department, Hebei Normal University, in 1978, and the M.Sc. degree from Hebei University, in 1992. He was promoted as a Professor with Hebei University, in 1998. He mainly engaged in the research work of ring and algebra, involving ring theory, group ring, group partition ring, HOPF algebra and quantum group, and other research fields.
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